This work scopes the potential for existing common feedstocks to be used in existing types of anaerobic digester units to produce biogas in Bangladesh. A preliminary study identified three commonly occurring scenarios of smallholdings with cattle, poultry farms and daily cattle markets, which produce dung, poultry litter, and dung mixed with rice straw respectively. This third feedstock is proposed as a novel and significant newly recognised prevalent source. The main study involved carrying out surveys of representative samples of each of these (N=125, 125, 30) for the district of Gazipur in order to determine the distribution of herd and flock sizes, and thus the relevant biogas plant types and potential yields. The results were scaled up for nationwide figures, which approximated the total potential biogas energy from these feedstock types at 240 x10 6 MJ (240 TJ) per day, or 66.7 x 10 6 kWh, which in principle could meet the current cooking energy requirements of 30 million people in Bangladesh. Of this, 70% of the potential energy from AD could come from cattle feedstock (with 87% of this from domestic-sized plant); 16% from poultry feedstock (with 63% of this from medium-sized plant); and 14% from rice straw bedding from cattle markets (all requiring large or very large plant). There is potential for around 2 million domestic units, 340,000 medium units and 20,000 large or very large units that might be more suited for larger users such as businesses, schools or hospitals.
Anaerobic digestion (AD) is a biological process of the breakdown of organic matter by naturally occurring bacteria in the absence of air, and this produces biogas and a solid digestate. Biogas comprises of mostly methane and carbon dioxide with a small amount of hydrogen sulphide and hydrogen. Depending on the type of input material, the residual solid matter or digestate can be a nutrient-rich bio-fertiliser [16] . According to a report by the Bangladesh Centre for Advance Studies [17] , the 8.44 million households of Bangladesh have 22.29 million cattle and buffalo, and there are 116, 000 poultry farms which produce 22 ,139 tonnes of litter per day. Traditional use of dung and litter has a big impact on the environment and cultivable land in Bangladesh because when it is dumped on low ground adjoining dwelling areas it causes them to be affected by smell, dust and surface water pollution [18] . Bangladesh already has nearly 40,000 domestic biogas plants using cow dung or poultry litter, but the full potential has been estimated at 3 million plants [6] . which is very near to the optimum requirement [19] . Suitable raw feedstocks for biogas such as cow dung and poultry litter are easily and cheaply available throughout the country.
The potential for mass deployment of domestic AD plants is very promising.
Government and micro-finance companies already support such schemes. The use of AD could supply a much-needed energy resource for domestic consumption for cooking, as well as bio-fertiliser to enrich the farm land. It would also reduce deforestation by displacing wood fuel, and improve air quality in rural homes by avoiding contributions caused by incomplete combustion of solid fuels. These AD plants would be situated in rural farm areas where there is no realistic option for extending natural gas supply, on smallholdings where the energy would be directly used.
The common use of AD biogas in Bangladesh would also make a significant contribution to the reduction of greenhouse gases, which could provide some income via the Clean Development Mechanism (CDM). However, this approach would require appropriate calculation of baseline carbon emissions.
The focus of this study is the determination of the potential energy contribution and energy patterns of small and medium AD systems in Bangladesh from common feedstocks and common scenarios.
Overall methodology
To determine the scope of currently available AD opportunities in Bangladesh, three strands of methodology were developed. Firstly, preliminary exploratory investigations were used to determine the most common scenarios in the country which could provide appropriate feedstocks. Secondly, representative surveys were undertaken in one district of Bangladesh to determine the size distributions of potential AD plant for each scenario in that district.
Thirdly, the results were scaled up for nationwide figures. More details of each are given in the appropriate sections below.
Exploratory study to determine most common scenarios
In order to first determine the most common scenarios which could provide immediate opportunities for AD, it was decided to obtain an overview of common organic waste streams and existing AD practices of Bangladesh through initial exploratory field visits and meetings with key government and non-governmental organizations of Bangladesh.
These included Grameen Shakti (GS), Advance Engineering (AE), Bangladesh Council for From these explorations and also literature searches it was found that common scenarios included smallholdings with cattle, poultry farms, municipal waste (i.e. the organic elements) and water hyacinths. However, it was recognized that municipal waste could not provide the reliable homogeneity and constant supply required for effective AD, and that water hyacinths are not available all year round (although they are a prolific source of material at certain times of the year). One of the authors also individually proposed a new scenario: daily cattle markets held in towns, which produce regular amounts of rice straw mixed with dung. The final three common scenarios which showed most promise were then surveyed: cattle from smallholdings, poultry farms and cattle markets.
From the exploratory work it was noted that the daily AD feedstock produced and collected per animal could vary significantly depending on their age and condition, food habits, and whether left free to wander or kept inside. For consistent calculations in this work, secondary data was used, summarized in Table 1 . [21] found that quantitative data on this topic were generally scarce and unreliable in developing countries. It was thus decided to collect primary data via surveys across each sub-district of one district, and Gazipur was chosen since one of the authors was very familiar with it. A total of 280 sampling surveys were carried out: for each of the five sub-districts this included 25 cattle smallholdings, 25 poultry farms, and all known cattle markets.
Each sub-district is made up of several hundred Unions (which in turn are made up of small communities). In each sub-district, Unions representing more or less the geographic centre, north, south, east and west areas were selected, and 5 smallholdings and 5 poultry farms were randomly selected in each of those. All known cattle markets were visited (N=30).
During the survey, smallholdings with a cattle population of less than 3 were not included because the daily requirement of biogas for cooking purposes for an average sized (5 person [24] ) family is 2 m 3 , requiring at least 5 cattle. However, smallholdings of 3-4 cattle were also included in this survey for two reasons. Firstly, they can produce around 1 -1.5 m 3 of biogas daily, meeting the requirements of a small family (3 -4 people/family) [24] .
Secondly, the exploratory study revealed that there are a number of 2 m 3 AD plants in
Bangladesh currently operating which only have 3-4 cattle per smallholding. Additional information was collected for each site in the survey such as if there is an existing on-site biogas plant, the plant size, the food habits of the animals, and any uses of gas and slurry and other products.
It was decided to use three AD plant sizes for reference as they are generally available: domestic (D) for 2 -5 m 3 , medium (M) for 5 -25 m 3 and large (L) for 25 -150m 3 of biogas daily [22] . In fact our data was found later to imply the usefulness of both a smaller and a larger plant, of < 2m 3 and >150 m 3 respectively, and which we labelled as 'small domestic' and 'very large'.
Survey results of cattle in smallholdings
In each of five sub-districts of Gazipur, 25 smallholdings were randomly surveyed,
altogether showing a total cattle population of 1,118 cattle across 125 smallholdings. The herd size distribution is shown in Table 2 below. Total 125 100 Table 2 shows that most (81%) of cattle smallholdings have a cattle population of 3-10, which is useful for planning appropriately sized AD plants. In terms of cumulative quartiles, 25% of the smallholdings were found to have ≤ 4 cattle, 50% of them ≤ 5 cattle, and 75% ≤ 8 cattle. The highest number of cattle found in a smallholding was 54. Any with less than 3 cattle were not included. Note that these calculations are based on a published yield capacity which is appropriate for optimal operational conditions (10 kg per cattle per day, [24] ). of the potential could be captured, and that it would be spread out over a large number of rural users. Figure 1 also shows that 25% of the AD energy capacity could be captured at only a few -10% -of the (larger) farms.
Survey results for poultry farms
The poultry population of Gazipur was surveyed via random choices of 25 poultry farms in each of 5 sub-districts. The survey results for the 439,950 birds over a total of N=125 farms are summarised in Table 4 and Figure 2 . From Table 4 it can be shown that 76% of the poultry farms have a poultry population of 4,000 or less. In terms of cumulative quartiles, 25% of the farms surveyed had a bird population of < 1,000 birds, 50% had < 1,900 birds and 75% of the farms had a bird population of ≤ 4,000. The highest bird population found was 20,000 birds. Given that 44 MJ of energy is considered the requirement for domestic cooking for a medium sized family, Table 5 suggests the average farms suited for 'domestic' sized AD plants would actually be producing enough gas for two families (93 MJ/ day). Thus, such farms could in practice provide energy to another family, or develop some new entrepreneurial activity based on it. Similarly, most of the poultry farms have the potential for medium or largescale AD which could provide cooking gas for many families, or make significant contributions to businesses located on site or nearby. 
Survey results of cattle markets
All the known cattle markets in Gazipur district, N= 30, were surveyed to determine the number of cattle they serviced and the tonnage of waste rice straw bedding they produced daily. On average, each daily market had 796 cattle and produced 28 tonnes of waste i.e.
35kg per head of cattle daily. Cumulative percentile figures were calculated to show that 25% of the markets had a cattle population of ≤ 400; 50% had a cattle population of ≤ 500
and 75% had cattle populations of ≤ 1,000 respectively. The highest cattle market population was found to be 2,000. Table 6 shows the biogas yield and energy generating capacity of cattle market rice straw.
Results indicated that each cow can produce 94 MJ of energy, which is more than double that of an average-sized family's energy requirements for cooking. This number is considerably larger than one cow in a smallholding because all of the dung is collectable rather than being lost in the fields, and also there is a mass contribution from the rice straw used to feed and bed the cattle. The cattle at market were also in much better physical condition. In general, the potential energy generated from this source was shown to be very significant, so that even 'medium' sized AD plants were too small for this scenario. Instead, a new category of 'very large' AD plant had to be created to acknowledge the requirements. Nearly half of the markets required this new size of plant. This is an important finding of our work: that there exists an existing, regular, homogenous and suitable feedstock for AD production of biogas on a scale not previously developed, but typically present exactly where the need is for largescale -in towns. Thus, the energy could be used for businesses (such as those at the markets) or for easy distribution to local homes. The average energy capacity of these extra large AD plants is around 108,000 MJ. Table 6 The distribution of cattle markets by potential AD plant size (from survey results, N=30) for Gazipur The results show that the daily yield range of a cattle market is 1,000 -7,000 m 3 . 53% of cattle markets have the capacity to produce 2,000 of m 3 biogas daily. 10% of the cattle markets were found to have a biogas yield capacity of ≥ 7000 m 3 . Figure 3 represents cumulative information for both the sizes of the markets and the potential energy outputs. It shows that approximately 50% of cattle markets had 500 or fewer cattle and 25% had a cattle population of more than 1,000. The total energy capacity of the cattle market rice straw feedstock from all 30 markets is 2,100,000 MJ, giving an average cattle market energy capacity of 70,000 MJ/ day. Such high numbers indicate that this feedstock has potential for not only biogas production but also secondary production of electricity.
Scaling up to determine nationwide potentials
The numbers obtained for the district of Gazipur were scaled up for the country of Bangladesh using multipliers based on the relative number of cattle, poultry and cattle markets in both. Table 7 below summarises the numbers of animals, which were obtained from the Division of Livestock Services in Dhaka and District Livestock Office in Gazipur. Table 7 Numbers of livestock and markets in Gazipur and Bangladesh, and the multipliers they produced to The difference in domestic cattle numbers versus general cattle numbers is due to commercial dairy livestock not being counted. It is worth noting that Gazipur appears to have different relative national shares of cattle compared to poultry or cattle markets [27] ; these differences would be worth exploring before confidently using the results of this scaling up method. For example, the results suggest that in Gazipur the potential from poultry farms is much more frequent than the rest of the country on average, and investment in these and related businesses in that district might provide better returns on investment (time, research and money) than elsewhere. Similarly, Gazipur seems to have a large number of markets per head of cattle, compared to the rest of the country: for interested investors, it might be particularly beneficial to concentrate on appropriate AD plant in Gazipur for that reason.
The multipliers in Table 7 (above) were used to scale up the results in Tables 3, 5 and 6 to yield the national estimates shown below in Table 8 . There are several notable points.
Firstly, the numbers of potential plants are huge: 2.3 million using domestic cattle dung alone. The large number implies the large number of households -almost one-to-one -which could benefit from cooking and lighting from AD. The disadvantages include the difficulty in setting up so many plants, including financing, expertise and maintenance issues. 
Discussion of planning implications of the data
There are fewer poultry farms, but they are more appropriately serviced by medium and large plants able to provide for many families each. There are only 500 cattle markets expected nationally, but each with such a large capacity that commercial uses and electricity generation become competing options to householder cooking gas supply.
The breakdown by plant size is also useful for consideration. For example, the vast majority of all domestic plants would use cattle feedstock, implying that size might benefit from some specialised design features to make it more user-friendly and effective. For poultry, most of the plants must be medium-sized, so it might be worthwhile to modify designs for poultry litter use -but then it can be noted that almost ten times as many units are needed for cattle feed. Thus either of the two designs can develop, or, if necessary, the design might need to be dominated by the needs of cattle dung users. The same arguments apply to large units for poultry and cattle markets.
Viewing the same data from the perspective of which types provides the most energy gives a different picture. Table 9 below shows how domestic cattle make up 97% of the number of AD plant units required, but on a per-unit basis the cattle market AD plant will provide much more energy, as illustrated in Figure 4 . Thus, if an optimisation of energy is preferred for investment of time, resources or research, then cattle market plants might be the best starting point. This might be true for financiers desiring significant financial returns at fewer sites. On the other hand, to have a direct impact on the largest number of families, domestic plants running on cattle dung would be higher priority, and plans for financing, regulating and maintenance would have to be made -bearing in mind the circumstances of many smallholder families. Table 9 illustrates the results categorised by feedstock source, showing the potential number of AD plants from cattle smallholdings, poultry farms and cattle market rice straw (larger numbers have been rounded). The government of Bangladesh has a target to generate 5% of its total electricity using renewable energy technologies by 2015 and 10% by 2020 [28] . Ensuring that the potential of AD biogas production is fulfilled can play a vital role in meeting this target. A comparison between the potential AD capacity and the present reality is shown in Table 10 . Table 10 Potential AD capacity is compared with the current status of AD All of the results in the sections above provide crucial information for planning for businesses, civic authorities and national policy making. By considering these results and information, the government can plan, NGOs and international development organizations can take initiatives, investors can see the relevance of funding, and the documentation of the GWP impact can assist in getting CDM credit. Integration of all these efforts could make a realistic opportunity for AD energy generation with sustainable management. of the overall potential from these feedstocks This is the first investigation of the feedstock from waste straw and dung from cattle markets in Bangladesh. It is identified here as a novel. significant and potentially very useful feedstock.
Recommendations for further work
A more critical analysis of realistic factors affecting biogas and methane yield should be undertaken for cattle market rice straw as a feedstock. Biogas and methane yields were determined in this research for rice straw that contained 15 -20% of dung. The yield could be investigated using this feedstock with different percentages of cattle dung mixed with it. A significant amount of cow urine is mixed with cattle market rice straw waste.
Analysis of other feedstock types, such as food waste, water hyacinth, MSW and wastes mixed with animal manure, should be undertaken. The biogas yield capacity of these feedstocks, with different ratios of pre-mixing, could be investigated. A feasibility study
